This isotopically substituted molecule (6-I3C, 1, 6, 6-'H3)glucose was evaluated to determine whether metabolic 'H loss would prevent its use in quantitating pentose phosphate pathway (PPP) activity. PPP activity causes the C1 of glucose to be lost as CO,, while C6 can appear in lactate. 'H NMR analysis of the lactate produced from this glucose can distinguish (3-'H)-lactate (from C1 of glucose) from (3-I3C, 3, 3-,HZ)lactate (from C6 of glucose). 'H NMR spectroscopic analysis of medium containing (6-I3C, 1,6, 6-*H3)glucose after incubation with cultured rat 9L glioma cells suggested a 30.8 2 2.1% PPP activity as compared with 6.0 2 0.8% from separate, parallel incubations with (l-13C)glucose and (6-13C)glucose. Subsequent experiments with other isotopically labeled glucose molecules suggest that this discrepancy is due to selective loss of 'H from the C1 position of glucose, catalyzed by phosphomannose isomerase. Failure to consider 'H exchange from the C1 and C6 positions of glucose can lead to incorrect conclusions in metabolic studies utilizing this and other deuterated or tritiated glucose molecules.
INTRODUCTION
Thle noninvasiveness and chemical specificity of NMR spectroscopy allow for continuous monitoring of various metabolites in intact biological systems. One advantage of "H NMR is the low natural abundance of ' H (0.015%), resulting in very little interference from endogenous compounds and allowing the 16 mM H'HO resonance to be used as a chemical shift and intensity standard (1, 2) . The chemical shifts of the resonances in ' H and 'H NMR spectra are similar, rendering assignment and identification relatively easy. ' H NMR spectra are less well resolved than ' H or % spectra as a result of 1) a smaller frequency range, due to the lower gyromagnetic ratio, and 2) increased line width due to quadrupolar relaxation. The faster T, relaxation of the ' H nucleus allows for shorter interpulse delays and faster data acquisition, thus partially compensating for its decreased relative sensitivity (-1% of 'H, -60% of I3C). The metabolic exchange of 'H or 3H atoms with water (2-10) allows for the study of these exchange reactions. However, failure to consider the various exchange reactions may lead to erroneous conclusions.
There is considerable interest in monitoring the activity of the pentose phosphate pathway (PPP) since the NADPH produced by this pathway is important for antioxidant defense and for nucleotide synthesis. PPP activity can be quantitated by measuring the selective loss of the C1 position of glucose in the reaction catalyzed by phosphogluconate dehydrogenase, for example, by comparing l4COz production from [l-'4C]glucose and [6-"C]-glucose (11) . An alternative approach is to measure the amount of label appearing in lactate or other metabolites, rather than in CO,, after incubation with labeled glucose as a precursor. For instance, metabolism of (l-13C)glucose through the glycolytic pathway will produce (3-I3C)lactate and unlabeled lactate, which can be differentiated by ' H NMR spectroscopy (12) or gas chromatography/mass spectrometry (GUMS) (13) . The ' H NMR doublet signal (JHH -7 Hz) of the methyl group of (3-T)lactate will be split by scalar heteronuclear coupling into a pair of doublets (IHc -125 Hz), which can be distinguished from the single doublet of unlabeled lactate (12) . As PPP activity increases, the (3-I3C)lactate resonance intensities decline relative to the intensity of the unlabeled lactate resonance. To obtain accurate PPP measurements, a parallel incubation with (6-'3C)glucose is necessary to correct for unlabeled lactate from endogenous carbon sources (14) .
In this study, we investigated the use of a novel isotopically substituted molecule, (6-13C,1,6,6-ZH3)glucose, to measure PPP activity in a single incubation. ' H NMR spectroscopy was used to analyze the lactate produced in medium containing (6-'3C,1,6,6-ZH3)glucose after incubation with cultured rat 9L glioma cells (obtained from the Brain Tumor Research Center at the University of California at San Francisco). Absolute quantitation of PPP activity using (6-'3C,1,6,6-ZH3)glucose was complicated by the loss of ' H atoms during metabolism. A significant loss of ' H atoms from C1 and C6 was detected in separate GC/MS measurements using (I-%, 1-'H)glucose and (6-13C, 6,6-'H,)glucose, respectively. Loss of ' H from C6 of glucose was attributed to the catalytic action of pyruvate kinase (PK). Loss of ' H from C1 of glucose was attributed to both PK and phosphomannose isomerase (PMI). To verify the presence of PMI, enzymatic assays of 9L glioma and rat brain extracts were performed. The extent of these ' H exchange reactions must be known before conclusions from metabolic studies utilizing this and other deuterated or tritiated glucose molecules can be made.
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METHODS
Theory of PPP Measurement Using (6-' 3C, 1 ,6,6-2H,)Glucose Metabolism of (6-'3C,1,6,6-ZH3)glucose through glycolysis will result in the formation of (3-13C, 3, 3-'H,)lactate and (3-'H)lactate, whereas metabolism through the PPP will result in (3-13C,3,3-2H,)lactate and unlabeled lactate (Fig.  1) . Because the 'H-'H coupling is not resolved in the 'H NMR spectrum, the methyl 'H resonance of [CGIlactate (lactate containing C6 of glucose) is split into two peaks by the neighboring 13C, and is easily distinguished from the central [Clllactate peak. Assuming no PPP activity andl no loss of 'H atoms, a pseudotriplet of equal intensitiles is expected. As PPP activity is increased, an increased loss of deuterium label from the C1 position of glulcose will take place via the catalytic action of glucose 6-phosphate dehydrogenase, leading to a decrease in the intensity of the central singlet resonance. This method is a "mirror image" of the 'H NMR detection of lactate pro-\ / duced from (1-l3C)glucose, as described above. The advantage of the 'H approach is that lactate produced from endogenous sources contains negligible amounts of 'H and therefore does not interfere with the measurement.
Calculation of PPP Activity
PPP activity is reported as P, the fraction of glucose metabolized to lactate that lost C1 as CO, as it passed through the PPP. PPP activity can be determined from metabolism of glucose labeled with distinct isotopes in the C1 and C6 positions by the general formula P = (14, 15) . PPP activity was calculated from 'H NMR spectra using the formula PNm
. 100, where PNMR is the percentage of glucose metabolized through the PPP, and R is the ratio of the peak areas of (3-'Hn)lactate to (3-13C, 3-'H,)lactate (n = 1 or 2), corrected for the number of 'H atoms, for natural isotope abundance (C1 is 98.9% "C and 1.1% 13C) and for fractional enrichment: 
Cell Culture Incubation Procedures
(6-13C,1,6,6-ZH3)Glucose was synthesized by Omicron Biochemicals Inc. (South Bend, IN). For GC/MS measurements, glioma cells were grown in 24-well culture flasks until confluent. The growth medium was removed and the cells were rinsed 3 times with Krebs-Ringer bicarbonate buffer (KRB) and incubated in 0.5 ml/well KRB containing 5.5 mM (6-13C,1,6,6-2H3)gl~cose or another labeled glucose. After a 1-h incubation period, media were removed and lyophilized for isotopic analysis of lactate by GUMS. For 'H NMR experiments, the cells were grown in 175 cm2 culture flasks and incubated with 1 2 ml of 5.5 mM (6-13C,1,6,6-2H3)glucose in KRB for 1 h. The incubation medium was then removed, lyophilized, and reconstituted in 0.5 ml H,O.
To quantitate the extent of 'H loss from the C1 and C6 positions of glucose during metabolism to lactate, media from separate incubations of 9L glioma cells with 5.5 mM (1 -13C, 1 -ZH)glucose and 5.5 mM ( 6-13C,6 ,6-ZH,)glucose, respectively, were analyzed by GC/MS.
GUMS and 2H NMR Measurements
GUMS measurements were performed as previously described (13) using a bench top Hewlett Packard GC/MS system (Model 5890/5971).
Loss: of ' H Labels from Glucose
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'€I NMR spectra were obtained on a 7 Tesla Nicolet NMR spectrometer equipped with a vertical-bore magnet with a 5-mm probe, using a single-pulse-excitation sequence with the acquisition parameters as follows: 2000 transients; pulse width, 45 ps; repetition time, 1.3 s; spectral width, ?600 Hz; transmitter frequency, 46.1 MHz. Because the ' H lock channel was used for RF excitation and reception, all spectra were acquired in the unlocked mode. NMR and GUMS data are reported as mean +SD.
Tissue and Cell Extraction
Male Fisher rats (120-l5Og) were anesthetized (ketamine, intraperitoneal, 65 mg/kg) and exsanguinated, and the brains were quickly removed. The two cerebral hemispheres were separated and the white matter and hippocampus were removed. Each cortex was placed in a Thomas BB teflon homogenizer containing 2 ml ice-cdd Tris-HC1 (pH 8.5). The tissues were homogenized manually and the homogenates were centrifuged at 4OC for 20 min at 3500 rpm. Supernatants were then collected and enz:yme analyses immediately performed.
Cultured 9L glioma cells were trypsinized for 5 min at 37°C and centrifuged for 10 min at 1500 rpm. The supernatant was discarded and the pellet resuspended in 1 ml Tris-HC1. Homogenization and extraction were then conducted as described above.
Enzyme Assays PMI activity in rat cortex and extracts of cultured 9L glioma cells was measured spectrophotometrically in a coupled enzymatic reaction after the conversion of mannose 6-phosphate (Man6P) to fructose 6-phosphate (Fru16P) by PMI and conversion of Fru6P to glucose 6-phosphate (Glc6P) by phosphoglucose isomerase (16) . Reduction of NADP' to NADPH by glucose 6-phosphate dehydrogenase (G6PDH) was monitored at 340 nm with a Perkin-Elmer Lambda 6 double-beam spectrophotometer. The 1-ml reaction mixture contained 25 mMTris-HC1 (pH 8.5), 3 mM ManGP, 1 mM NADP', 5 mM MgCl,, 0.5 U phosphoglucose isomerase, 1 U GGPDH, and 100 pl extract.
GISPDH was assayed using previously reported methods (17) . Reduction of NADP+ at 30°C was followed at 340 nm. The 3-ml reaction mixture contained 0.75 mM GlcfiP, 0.5 mM NADP+, 4 mM maleimide, and 1 mM MgSO,. Total protein in the extracts was determined spectrophotometrically by a modified Lowry procedure (18) using a protein determination kit (Sigma Chemical Inc.:l.
RESULTS AND DISCUSSION
The ' H NMR spectrum shown in Fig. 2 was obtained from the medium of 9L glioma cells after incubation with (6-%,I ,6,6-'H3)glucose. The pseudotriplet near 1.3 ppm is from ' H atoms on the methyl group of lactate. The central resonance at 1.39 ppm corresponds to the ' H atom attached to "C, derived from the C1 of (6-15C,1,6,6-2H3)-glucose, while the satellite resonances at 1.58 ppm and 1.15 ppm arise from ' H atoms attached to 13C, derived suggests a significant PPP activity. Calculation of PPP activity from ' H NMR and from GC/MS spectra gave P = 30.8 ? 2.1% (n = 4 ? SD) and P = 29.2 2 2.2% (n = 6 2 SD), respectively. This PPP activity, however, is not consistent with the 6.0 2 0.8% basal PPP activity found in parallel incubations with (l-13C)glucose and (6-13C)glucose by GC/MS (14) . The use of (6-13C,1,6,6-2H,) glucose resulted in an overestimation of basal PPP activity which was presumed to be the result of excess loss of ' H from the C1 position of glucose by metabolic reactions unrelated to the PPP. This suggestion was further enforced when GUMS analysis of lactate after incubations with (1,6-13C2,6,6-2H,)gl~~ose gave a basal PPP activity of 4.7 ? 0.6% (15) . Because (1,6-13C,,6,6-2H,) glucose, which does not have a ' H atom on C1, yielded accurate PPP values, the selective loss of ' H from the C1 position of (6-13C,1,6,6-ZH,)glucose is the most plausible explanation for the inability of (6-13C,1,6,6-2H3 )glucose to quantitate PPP activity.
One metabolic reaction which may result in specific ' H loss from the C1 position is the reversible conversion of Fru6P to ManGP, catalyzed by PMI (Fig. 1) . Mannose is a major component of glycoproteins (19) , and specific enzymes related to the formation of mannose-rich oligosaccharides have been identified in the brain (20, 21) . Mannose has also been linked to neurotransmission as dopaminergic agonists were reported to stimulate glycosylation of proteins in the rat and mouse hippocampus, cortex, and striatum (22) . The catalytic action of PMI may cause ' H loss when the C1 alcohol group in Fru6P is oxidized to an aldehyde (Fig. 3a) . Studies of the PMI reaction mechanism using (l-'H)Fru6P have shown that this isomerase is stereospecific for one of the two hydrogen atoms on the C1 position of Fru6P and that the reaction results in a release of deuterium from the substrate into the medium (3) . In addition, yeast PMI had only 5-7% retention of tritium in the conversion of [2-3H]-Man6P to Fru6P (4) . This indicates an exchange with the solvent rather than exchange between the C1 and C2 positions. Both types of exchange have been found with phosphoglucose isomerases (5) . Enzymatic assays for PhlI revealed a significant specific activity of this enzyme relative to the first enzyme of the PPP, GGPDH, both in rat coirtex and in cultured 9L glioma cells (Table 1) . Our determination of PMI activity was similar to that reported previously for brain (23) and hypothalamus (24) (Table  1) . These results indicate a significant presence of PMI in both normal and tumor tissue. PMI should be considered as a strong candidate for catalyzing the metabolic loss of 'H atoms from glucose molecules labeled in the C1 position.
"H atoms can also be lost from the C1 or C6 position of glucose, as it is metabolized through glycolysis, via the catalytic action of pyruvate kinase (PK). This reaction consists of a transfer of the phosphoryl group of phosphoenolpyruvate (PEP) to ADP and a transfer of a solvent proton to the C3 position of enolpyruvate to form pyruvate (Fig. 3b) . This reaction can also proceed in the reverse direction, causing a selective loss of hydrogen between the keto and enol forms of pyruvate. Evidence for this phenomenon was provided by showing PK-catalyised enolization of [3-3H] pyruvate with subsequent loss of 3H, whereas nonenzymatic keto-enol tautomerization of pyruvate was slow (6) . Furthermore, detritiation of [3,3,3-3H3]pyruvate in the presence of PK (7) has been shown, and loss of tritium from [3-3H]PEP was reported to occur during the course of the net reaction of PK (8) . Metabolism of (6-13C,1 ,6,6-'H3)g1ucose through glycolysis will therefore result in a loss of some of the 'H atoms from labeled pyruvate. Proton exchange with (3-'H)pyruvate is expected to have a minor effect on 'H NMR measurements of PPP activity, using (6-13C,1,6,6-2H3)glucose, because the two pyruvate species, (3-13C,3,3-2H,)pyruvate and (3-'H)pyruvate, would have small secondary isotope effects for 'H loss (9) . The extent of 'H loss was estimated by GC/MS analysis after incubation of 9L glioma cells with (6-l3C,6,6-'Hz)-glucose or (1-13C,1-2H)gl~~ose. The use of (6-13C,6,6-'H,)-glucose is expected to result in 'H loss by PK activity, whereas (l-13C,1-2H)glucose may lose 'H by both PK and PMI activities. GUMS analysis of media from 9L cells incubated with these precursors have indicated 6-14% 'H loss from the C6 position of glucose and an additional 14-38% 'H loss from the C1 position, presumably by PMI (15) . Numerous studies have used 'H NMR and 3H NMR spectroscopy to assess various aspects of intermediary metabolism (1, 2, 10) . For example, it has been shown that when [l-3H]glucose was used as precursor in packed erythrocytes, 15% of the final tritium signal appeared as 3HOH in the 3H NMR spectrum (10) . Because the PPP, coupled to the glutathione pathway, provides a metabolic sequence to incorporate tritium into water, it was suggested that the intensity of the 3HOH resonance "must reflect" PPP activity (10) . However, the 3HOH intensity also reflects other enzyme activities, including PMI and PK, and the PPP is probably a minor contributor to 3HOH production under basal conditions. It is therefore misleading to suggest that 3HOH production "reflects" PPP activity any more than it reflects the other enzyme activities.
In summary, the use of (6-13C,1,6,6-2H3)glucose resulted in an overestimation of the activity of the PPP, presumably as a result of PMI-catalyzed 'H loss from the C1 position of this molecule. However, the use of 'H NMR with 'H-enriched precursors such as (6-13C,1,6,6-ZH3)g1u-cose may prove beneficial in the study of proton exchange reactions in vitro or in vivo, because the extent of selective 'H loss from the C1 position may be correlated with specific metabolic or pathological conditions.
